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Background: The accessory olfactory bulb (AOB) is the first integrative center of the vomeronasal system
(VNS), and the general macroscopic, microscopic, and neurochemical organizational patterns of the AOB
differ fundamentally among species. Therefore, the low degree of differentiation observed for the dog AOB
is surprising. As the artificial selection pressure exerted on domestic dogs has been suggested to play a key
role in the involution of the dog VNS, a wild canid, such as the fox, represents a useful model for studying
the hypothetical effects of domestication on the AOB morphology.

Vomeronasal system Methods: A comprehensive histological, lectin-histochemical, and immunohistochemical study of the fox
Accessory olfactory bulb AOB was performed. Anti-Gao and anti-Gai2 antibodies were particularly useful, as they label the trans-
Fox duction cascade of the vomeronasal receptor types 1 (VIR) and 2 (V2R), respectively. Other employed

Keywords:

Canidae antibodies included those against proteins such as microtubule-associated protein 2 (MAP-2), tubulin, glial
Immunohistochemistry fibrillary acidic protein, growth-associated protein 43 (GAP-43), olfactory marker protein (OMP), calbindin,
Lectins and calretinin.

gEl;Aroteins Results: The cytoarchitecture of the fox AOB showed a clear lamination, with neatly differentiated layers; a

highly developed glomerular layer, rich in periglomerular cells; and large inner cell and granular layers. The
immunolabeling of Gai2, OMP, and GAP-43 delineated the outer layers, whereas Gao and MAP-2 im-
munolabeling defined the inner layers. MAP-2 characterized the somas of AOB principal cells and their
dendritic trees. Anti-calbindin and anti-calretinin antibodies discriminated neural subpopulations in both
the mitral-plexiform layer and the granular cell layer, and the lectin Ulex europeus agglutinin I (UEA-I)
showed selectivity for the AOB and the vomeronasal nerves.
Conclusion: The fox AOB presents unique characteristics and a higher degree of morphological development
compared with the dog AOB. The comparatively complex neural basis for semiochemical information
processing in the fox compared with that observed in dogs suggests loss of AOB anatomical complexity
during the evolutionary history of dogs and opens a new avenue of research for studying the effects of
domestication on brain structures.
© 2021 The Author(s). Published by Elsevier GmbH.
CC_BY_NC_ND_4.0

1. Introduction

Animals have acquired complex chemical communication sys-
tems through evolution, enabling them to interact with the external
environment, recognize a large variety of chemical cues and trans-
late these cues into sensory information (Wyatt, 2003). Olfaction
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involves two primary systems: the main olfactory system (MOS) and
the less studied accessory olfactory system, also known as the vo-
meronasal system (VNS) (Jezierski et al., 2016; McLean et al., 2021).
The VNS is essential for animal well-being, providing fundamental
information used in predator detection (Papes et al., 2010), maternal
recognition (Del Cerro, 1998) and non-conscious sexual and social
behaviors (Clancy et al., 1984; Martinez-Ricés et al., 2008; Pardo-
Bellver et al., 2017; Pallé et al., 2020). The VNS is comprised of the
vomeronasal organ (VNO), a tubular sensory structure; the accessory
olfactory bulb (AOB), the first integration system of the VNS
pathway; and the vomeronasal amygdala (Holy, 2018). Vomeronasal
nerves connect the VNO with the AOB, providing functionality


http://www.sciencedirect.com/science/journal/09409602
https://www.elsevier.com/locate/aanat
https://doi.org/10.1016/j.aanat.2021.151881
https://doi.org/10.1016/j.aanat.2021.151881
http://crossmark.crossref.org/dialog/?doi=10.1016/j.aanat.2021.151881&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.aanat.2021.151881&domain=pdf
mailto:pablo.sanchez@usc.es
https://doi.org/10.1016/j.aanat.2021.151881

I. Ortiz-Leal, M.V. Torres, PR. Villamayor et al.

(Salazar and Sanchez-Quinteiro, 2009). In contrast with the con-
scious response generated in the MOS, the VNS is only connected to
limbic system centers and specific regions of the hypothalamus and
it is not known to be associated with any higher cognitive structures
of the brain (Halpern, 1987; Gutiérrez-Castellanos et al., 2014).
Therefore, the VNS is not thought to result in the conscious per-
ception of the detected chemical molecules.

Despite the anatomical proximity between these two olfactory
systems, these systems have historically been viewed as in-
dependent, with large morphofunctional differences, suggesting in-
dependent evolutionary pathways (Wysocki, 1979; Halpern and
Martinez-Marcos, 2003; Barrios et al,, 2014). Differences can be
observed across physiological, behavioral, and morphofunctional
aspects between these two systems, especially the morphofunc-
tional diversity observed for the VNS among mammal families
(Meisami and Bhatnagar, 1998; Salazar et al., 2007; Torres et al.,
2020). Therefore, the interspecies extrapolation of anatomical and
histological information for the VNS can be difficult and result in
imprecise information (Salazar and Sanchez-Quinteiro, 2009).

Despite the large degree of diversity found in the VNS, the VNO
presents a common, general morphological pattern across species
within Mammalia. In the AOB, however, fundamental differences in
the general macroscopic, microscopic, and neurochemical organi-
zational patterns have been reported between species (Frahm and
Bhatnagar, 1980; Switzer et al., 1980; Meisami and Bhatnagar, 1998).
For example, the degree of differentiation in the AOB differs widely
within the Carnivora order, even when comparing families that are
closely related. The cat (Felis silvestris catus) and the dog (Canis lupus
familiaris) present two very different degrees of differentiation. The
cat AOB is well developed and presents clearly defined layers within
the AOB (Salazar and Sanchez-Quinteiro, 2011). However, the dog
presents a surprisingly low degree of differentiation (Salazar et al.,
1994 and 2013; Nakajima et al., 1998), which has long been a point of
open discussion, given the well-known roles played by pheromonal
chemosensory and the highly social behaviors observed in this
species (Pageat and Gaultier, 2003; Kaminski and Marshall-Pescini,
2014). Ramén y Cajal (1902) concluded that dogs did not present a
structure that could be defined as the AOB. Several decades later,
Jawlowski (1956) and Miodonski (1968) identified a presumptive
AOB in canids through the examination of histological sections. Al-
though these studies were not conclusive, and only included draw-
ings, and not pictures, their descriptions correspond with the
description given by Salazar et al. (1992), who characterized the dog
AOB using lectin-histochemical studies and verified the direct con-
nection between the AOB and the vomeronasal nerves and VNO,
demonstrating its unequivocal presence for the first time. The ex-
istence of the AOB in dogs was later confirmed by Nakajima et al.
in 1998.

The artificial selection pressure exerted on domestic dogs has
been suggested to play a key role in the involution of its olfactory
and vomeronasal systems. However, whether this involution is due
to domestication or whether a poorly developed VNS occurs in-
dependently of domestication remains unclear. The examination of
phylogenetic ancestors of the dog, such as the wolf, or the study of
other wild canids, such as the fox, is necessary to determine whether
poor differentiation is specific to dogs. Although the wolf would be
the ideal comparative model for studying the effects of domestica-
tion on the VNS in the dog, given their phylogenetic proximity
(Skoglund et al., 2015), no studies have been reported examining the
VNS in the wolf, and the availability of wolf samples in good con-
dition for these studies is very low. The fox is a convenient and
useful model for the morphofunctional study of the AOB of wild
canids, given the phylogenetic proximity between the fox (Vulpes
vulpes) and the dog (Canis familiaris), which diverged only 10 million
years ago from a common ancestor (Graphodatsky et al., 2008),
making these species good candidates for the study of
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domestication. The studies reported by Kukekova et al. (2014); Wang
et al. (2018) in foxes selected for tame behavior have led to the hy-
pothesis that the domesticated behaviors observed in dogs and foxes
may have similar genetic bases, making the fox an excellent model
for studying the genetics of domestication in canids.

For this reason, we have approached this issue by examining a
wild canid, the red fox (Vulpes vulpes), for which only the VNO
component of the primary vomeronasal system has been char-
acterized (Ortiz-Leal et al., 2020), identifying in this study specific
and noticeable differences in the VNS of the fox compared with that
of the dog. Specifically, both anti-Gao and anti-Gai2 subunits were
positively immunolabeled in the VNO epithelium of the fox. In most
Rodentia family species, which have historically been used as a re-
ference for VNO studies in mammals (Salazar et al., 2013), the
neuroepithelium of the VNO expresses two distinct G proteins: Gai2,
found in the apical neurosensorial layer, associated with the ex-
pression of type 1 vomeronasal receptor families (VIR), and in
neurons that project to the anterior region of the AOB (Berghard and
Buck, 1996); and Gao protein, complementarily expressed in the
basal portion of the neurosensorial neuroepithelium, associated to
the expression of type 2 vomeronasal receptor families (V2R), and in
neurons that project to the posterior region of the AOB (Herrada and
Dulac, 1997; Matsunami and Buck, 1997; Ryba and Tirindelli, 1997).
The immunopositive characterization of both Gai2 and Gao have
been considered excellent phenotypic indicators of VIR and V2R
expression in the VNO. However, in other mammals, such as goat
(Takigami et al., 2000), sheep (Salazar et al., 2007), dogs (Salazar
et al., 2013), and cats (Salazar and Sanchez-Quinteiro, 2011), this
differential expression of G proteins has not been observed in either
the VNO or the AOB, with the exception of the fox, in which the
expression of both Gai2 and Gao subunits in the neurosensory epi-
thelium of the VNO was recently identified by our group (Ortiz-Leal
et al., 2020). The extended study of Gai2 and Gao subunit expression
in the fox AOB is, therefore, of great interest.

The aim of the present study was to describe the general features
of the fox AOB at both macroscopic and microscopic levels and
widen the morphofunctional understanding of the fox AOB, with a
focus on positive immunolabeling for anti-Gao found in the VNO by
Ortiz-Leal et al. (2020). A variety of tissue dissection and micro-
dissection techniques, general and specific histological stainings,
lectin-histochemical and immunohistochemical labeling techniques
were employed.

2. Methods
2.1. Samples

5 foxes were used for this study, supplied from hunting activities
organized by the Galician Hunting Federation, with the necessary
permissions by the Galician Environment, Territory and Tenement
Council. The animals were obtained in the field, the same day of
their shot, with a maximum of two hours delay, and immediately
transported to the premises of the Veterinary Faculty of Lugo, where
the whole olfactory bulbs of all foxes were extracted with the help of
an electric plaster cutter and a gouge clamp and conserved in either
10% formalin or Bouin’s fixative (Bf). Details of the foxes processed,
and fixatives used are included in Table 1.

Afterwards, the olfactory bulbs were embedded in paraffin wax
and serially cut by a microtome either horizontally or in a sagittal
plane along its entire length with a thickness of 6-7 um. Sample
sections were stained using haematoxylin-eosin, Nissl, Tolivia and
Bielschowsky stains, and lectin histochemical and im-
munohistochemical techniques.

In one of the individuals, a topographic histological study was
conducted on the olfactory bulbs and the olfactory and vomeronasal
nerves located in the ethmoidal fossa. After removing the skin,
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Table 1

Summary of the foxes, description and fixative used.
Fox Description Fixative
Z1 Q Adult Bouin's
z2 & Elderly Bouin's
Z3 3 Adult Bouin's
Z5 & Young Formalin
z7 ? Young Bouin's

superficial muscles, mandible, and eyeballs, two transverse cuts
were made using a rotary saw to completely delimit the orbital re-
gion. The obtained sample was decalcified by immersion in a dec-
alcifying solution (Shandon TBD-1 Decalcifier, ThermoFisher,
Pittsburgh, PA) for 8 days at room temperature with continuous
stirring. Transverse sections were performed with a microtome
blade to obtain 1-cm-thick sections that included the medial surface
of the olfactory bulbs and the surrounding ethmoidal turbinates.
These samples were washed in running water for 2 h, paraffin em-
bedded, and serially cut into 6-um-thick sections, which were col-
lected on large microscope slides (76 x 52 mm).
Immunohistochemical procedures, including anti-Gai2, anti-Gao,
and LEA lectin histochemical labeling, were performed the following
day on three consecutive sections.

Additionally, for the purposes of performing a comparative as-
sessment of the structural differences between the accessory olfac-
tory bulbs in the dog and fox, we processed olfactory bulb samples
from two dog brains obtained from the brain collection of the Unit of
Anatomy of the Faculty of Veterinary Sciences of Lugo. Both samples
were obtained from adult individuals with no evidence of neurolo-
gical symptoms or lesions. The samples were fixed and processed in
an identical manner as the fox samples and were stained with Nissl
and Tolivia stains and immunohistochemically labeled with anti-Gao
antibody.

2.2. Tolivia protocol

Sections were deparaffinized and hydrated. Then, sections were
mordanted for 1 h in 2.5% (SO4),FeNH,4, then washed for 1 min in
distilled water. Myelin staining was achieved after 2.5 h immersion
in a freshly made solution: 50 ml of 50% ethanol to which 5 ml of
20% hematoxylin and 10 ml of 1% Li,CO3 was added. Sections were
then washed for 3 x 5 min prior to staining for 5 min in the following
solution: 0.2% pyronine and 20% formaldehyde. The slides were fi-
nally dehydrated, cleared and mounted (Tolivia et al., 1988).

2.3. Bielschowsky's silver stain protocol

Slides were deparaffinized and hydrated, then stained in 20%
silver nitrate (AgNOs) in the dark at 37 °C for 30 min and washed in
distilled water for 2 x 5 min. Concentrated ammonia was slowly
added to the AgNO; solution to dissolve the precipitate formed.
Then, slides were introduced in this solution for 15 min at 37 °C in
the dark, and posteriorly washed in 2 x 10 min 0.1% ammonia wa-
shes. A developer solution (20 ml 10% formaldehyde, 0.5 g citric acid
and 2 drops of nitric acid in 100 ml distilled water) was added to the
silver solution. Slides where then washed in the solution for 10 min,
washed again in ammonia and submerged in 5% sodium thiosulfate
(Na3S,05) for 1 min. Finally, samples were washed in distilled water,
dehydrated, cleared and mounted.

2.4. Lectin histochemistry staining

Three different lectins were used: Ulex europaeus agglutinin I
UEA-I, which specifically labels the VNS pathway in several species,
including the dog (Salazar et al., 1992); Lycopersicon esculentum
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agglutinin (LEA), which labels both the main and accessory olfactory
systems (Salazar et al., 2019); and Bandeiraea simplicifolia isolectin B4
(BSI-B4), which specifically labels the VNS pathway in rats (Ichikawa
et al., 1992; Salazar and Sanchez Quinteiro, 1998) and opossums
(Shapiro et al., 1995).

2.4.1. LEA and BSI-B4 protocol

Before proceeding with the lectin histochemistry protocol, all
sample slides were deparaffinized and rehydrated. Biotinylated
conjugates of LEA and BSI-B4 were used for this study (see details in
Table 2). Firstly, 3% hydrogen peroxide (H,0;) solution was used to
inactivate endogenous peroxidase activity. Then sections were in-
cubated in a 2% bovine serum albumin (BSA) in 0.1 M phosphate-
buffered (pH 7.2) solution (PB). Slides were then incubated overnight
with LEA and BSI-B4 lectins, independently, in a 0.5% BSA solution.
After the incubation, the samples were washed 2 x 2 min in PB, and
afterwards incubated during 1.5 h at room temperature with avidin-
biotin-peroxidase complex (ABC) reagent (Vectastain; Vector La-
boratories, Burlingame, CA, USA). To visualize the reaction, a 0.05%
3,3’-diaminobenzidine (DAB) chromogen solution and a 0.003% H,0,
solution, in 0.2 M Tris-HCIl buffer solution were used. The DAB re-
agent develops into a brown precipitate in the presence of the hy-
drogen peroxide solution, which enables the visualization of the
reaction.

2.4.2. UEA-I protocol

As with the LEA and BSI-B4 lectins, before the lectin histochem-
istry protocol, it is necessary to deparaffinize, rehydrate the slides
and incubate the samples with 3% H,0, solution to inactivate en-
dogenous peroxidase activity. The samples were then incubated for
1 h at room temperature in a 0.5% BSA/UEA-I solution and then
washed for 3 x 5 min in a PB solution. The slides where then in-
cubated overnight with an anti-UEA-I peroxidase-conjugated anti-
body. The next day, the samples were washed with a PB solution. A
DAB solution was added to visualize the reaction.

Controls were performed for both protocols, both without the
addition of lectins and with the preabsorption of lectins, by using an
excess amount of the corresponding sugar.

2.5. Immunohistochemical staining

A thorough immunohistochemical study was performed to study
the fox olfactory bulb. Among the antibodies used (Table 2), the anti-
Goo and anti-Gai2 antibodies are particularly useful because they
label the transduction cascade for V2R and V1R vomeronasal re-
ceptors, respectively. Neuronal dendritic formation in the bulb was
characterized employing microtubule-associated protein 2 (MAP-2)
and o-tubulin antibodies. Astrocytes and ensheathing cells were
identified using antibodies against glial fibrillary acidic protein
(GFAP). Neuronal axonal growth and synaptogenesis were char-
acterized by using an anti-growth-associated protein 43 (GAP43)
antibody. Antibodies were also used to detect olfactory marker
protein (OMP), which is expressed in mature neurons in both ol-
factory subsystems. The immunohistochemical study was conducted
by examining the expression patterns of the calcium-binding pro-
teins calbindin (CB) and calretinin (CR), which participate in the
regulation of cytosolic free calcium ion concentrations in neurons.
The distribution of calcium-binding proteins has previously been
recognized as a useful neuronal marker for identifying specific brain
regions and discrete neuronal subpopulations (Coppola and Disney,
2018; De Géis Morais et al., 2021).

2.5.1. Antibody characterization and specificity

Information for all antibodies, including sources, dilutions used,
target immunogens, and Research Resource Identifiers (RRID), are
presented in Table 2. In all cases, the immunostaining patterns



Annals of Anatomy 240 (2022) 151881

‘urunni38e snando.na xa)n ‘yAN ‘urajold 1jrew A1030e3[0 ‘JINQ ‘Z uIa3old pale1dosse-a[ngniomIw ‘Z-dvIA ‘UNdI] wWnjuanisa uodisiadoiIf]
‘va7 ‘oseprxolad ysiperasioy ‘dqyH ‘urajoid dipe Ale[juqy [eNS ‘dy4D ‘€p u1ajoid pajerosse-yimolis ‘cp-dyo ‘UIumaled YY) ‘uIpuiqed ‘g) rg unodjosi viofidyduils vavaapung ‘rg-1Sd ‘X9[dwod unoiq-uipiae gy :Suoneiadiqqy

I. Ortiz-Leal, M.V. Torres, PR. Villamayor et al.

000¥%-)d Jua8eal DGV UIEISEIIIA 0b1z-1 eWSIS [w/wd oo1 vg-154
000%-d Ju28eaI DGV UIBISEIDIA SLI1-9 103097 Jw/wrl og Va1
68¢d OMVd 0S:1 1qqey 0901~ 10333/ 09°1 van
SI-20V9-dIN urngni-o uaIIYd
jJuageay DS asnow-1IuY QIH YA SSTAdWW]  9ZLIyTT dY (0z07) e 32 zemeN 03 Suipuodsariod (payrind) urajord aaneu yi3uaj [[ng 162 wesqy 00S:1 31qqey  ulnqni-e-nuy
S1-10¥9-dIN
Juageay DI 31qqel-Nuy dYH YA SSTYJWW]  Z8ECLO0L™aV (€102) 'Te 39 eequys p10d [eulds aulAoq wolj dv4D y€€0Z oxeqa 00%:1 31qqey dviD-huy
S1-20¥9-dIN
Juageay HI[ ISNOW-NUY YH YA SSTIJWW] €61LLY AV (0102) 'Te 39 U0y surajold pajerdosse-a[nqniomIW ureq ey €0VHIN BWSIS 00%:1 9SNON C-dYIN-DuY
S1-10¥9-dIN SNUIWIL)-N a1 Je
Juagedy D3] AqqeI-NUY J¥H YA SSTYJW] 0146197 aV (1102) "[e 32 oLpy e SIY-9 B SUIUIEIUOD UIUNAI[ED UBLINY JUBUIQUIOISY L69L IUBMS 0009:1 31qqey ¥do-huy
S1-10¥9-dIN (8102) e 12
Juageay D3 31qqel-Nuy dYH JA SSTYJWW]  0FE00001™ 9V [e191qoS-ZoImouetLIH 38¢-A UIpuIq[ed JueuIquIodal 18y 8¢dD ueMS 0009:1 ¥qqey 40 - huy
S1-20¥9-dIN
Juageay D3] ISnOW-NUY QYH YA SSTIJWW] YeOLLY aY (9102) 'Ie 39 ouezo7-Za[EZUOD 019L-dVD dUO[d aSNON 79769 ewsis 000¥:1 2SnON E€p-dvD-huy
00S$6-Vd 101997 0GZ:1 D3] Je0S-13UE 3SIOH L00S1ET aY (5002) Te 32 00)| urjo1d 1ax1eW A10)€J[0 JUPOY 10001L-¥¥S 03eM 00%:1 380D dINO-NuyY
SI-10¥9-dIN ursLio el jo gy 9LCL-3s
Juageay D3] Jqqel-nuy dYH YA SSTAJWL] Uyl ay (0102) '[e 32 032LIJ-ESOY B[ 2] JO UTEWOP JUdZIdAIP A[ySiy e uryiim surddew apndad A3ojouydajorg zni) ejues 00Z:1 3qqey Zwo-nuy
S1-10¥9-dIN
Juageay DI 1qqel-Nuy JYH A SSTIJWW] 0eb16S v (6002) 'Te 39 junqgns 0oy urRjold Sulpulg 419 dulrog 1SS 14N 00Z:1 11qqey 00)-[uy
S1-10¥9-dIN ur3L10 jel Jo oy L8E-IS
Juagedy DI AqqeI-NUY JYH YA SSTYJWUI] 17911 av (1207) ‘e 32 sali0l,  jo urewop JuasiaAlp Afysiy e uryyim surddew apndag A3ojouydajorg zni) ejueg 0021 1qqey 00)-[uy
uonnip
Jaquinu Sofeed ‘uonnjip/saads qy pug any ERIIEIEIEN] uagounuiwi] Iaquinu So[eled qy Is| | saads qy 1s1 Apoqnuy
*Apn3s SIY3 Ul pasn SUIIda] pue SAIPOGIIUL YY) UO UOHBULIOJUI PI[IRIA
C3lqeL



I. Ortiz-Leal, M.V. Torres, PR. Villamayor et al.

obtained using these antibodies in the red fox were consistent with
prior immunostaining patterns obtained in a variety of mammalian
species. Relevant references for each antibody are indicated in
Table 2.

2.5.2. Immunohistochemical protocol

Before the immunohistochemical reaction, deparaffinized and
rehydrated samples were incubated for 15 min in a 3% H,0; solution
to inactivate endogenous peroxidase activity. Either 2.5% horse
normal serum of the ImmPRESS reagent kit Anti-mouse IgG/Anti-
rabbit IgG (Vector Laboratories, Burlingame, CA, USA) or 2% BSA was
used for 30 min to block non-specific binding sites (Table 2). The
samples were then incubated with the primary antibody at 4 °C
overnight and under humid conditions. Samples previously blocked
with the ImmPRESS kit were incubated for 20 min with either the
ImmPRESS VR Polymer HRP Anti-Rabbit IgG or the Anti-mouse IgG
reagent (Table 2), except for the slides incubated with the anti-OMP
antibody (raised in goat), which were incubated with a biotinylated
anti-goat IgG for 1.5 h, and then incubated in ABC reagent. In all
cases, successive 3 x 3 min PB washes were performed in between
steps. Finally, slides were rinsed in 0.2 M Tris-HCl, pH 7.61 for 10 min
before developing with a DAB chromogen (same protocol as for the
lectin histochemical labeling), and then dehydrated and mounted.

For all immunohistochemical procedures, the omission of the
primary antibody was used as a negative control, and no labeling or
non-specific background staining was observed for any negative
control samples. As positive controls, we replicated the im-
munohistochemical procedure in previously unstained mouse or
rabbit tissue obtained during previous experiments. These samples
were known to express the proteins of interest, and the expected
positive results were obtained in all cases.

2.6. Image acquisition and digital processing

Images were captured with a Karl Zeiss Axiocam MRc5 digital
camara coupled to a Zeiss Axiophot microscope. Brightness, contrast
and balance levels were adjusted using Adobe Photoshop CS4 (Adobe
Systems, San Jose, CA, USA). No specific characteristics within the
images were altered, enhanced, moved or introduced.

3. Results

The study of the AOB will be addressed at both the macroscopic
and microscopic levels.

3.1. Macroscopic study of the accessory olfactory bulb

The fox MOBs are located inside the ethmoidal fossa and were
extracted in conjunction with the brain in our specimens (Fig. 1A and
B). Visual inspection revealed well-developed bulbs, similar to those
observed in dogs, although the fox olfactory bulbs appear to be more
elongated in the dorsoventral axis (Fig. 1C-F). The AOB was not
visible at first glance, although following the removal of the rostral-
most section of the frontal lobe, we noted a small ovoid protuber-
ance on the posterior third of the medial edge of the MOB, which we
presumed to be the location of the AOB (asterisk in Fig. 1D) and was
later confirmed by histological serial sectioning of the whole olfac-
tory bulb.

The remaining anatomical structures that constitute the olfactory
pathway also presented remarkable development, including the
lateral olfactory tract (LOT), olfactory tubercle (OT), and piriform
lobe (Pyr) (Fig. 1B).
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3.2. Microscopic study of the accessory olfactory bulb

3.2.1. Histological and immunohistochemical features

The microscopic study of the olfactory bulb confirmed the pre-
sence of an AOB in the fox, located in a caudoventral position, re-
lative to the MOB (Fig. 2A, and D-F). Hematoxylin and eosin (HE) and
Nissl stainings were used to study the texture of the AOB, through
which the AOB layering could easily be identified (Fig. 2B and C).
From the superficial to deep planes, the following layers were dis-
cernible: vomeronasal nerve (Vn), glomerular (Glm), mitral-plexi-
form (M-P), and granular (Gr) layers (Fig. 2B). The nervous and
glomerular layers appear particularly well-developed in this species.
The periglomerular cells formed many irregular, tortuous strands
(Fig. 3A); therefore, the glomeruli did not present with well-defined
margins. Occasionally, larger neurons with rounded nuclei, pre-
sumably interneurons, could be located in the innermost part of the
glomerular layer.

Instead of the monolayer of mitral cells typically observed in the
MOB, the principal cells of the AOB are scattered along a patch of
neuropil, which extends from the glomerular (Glm) to the granular
layers of the AOB (Figs. 2B and 3D), referred to as the mitral-plexi-
form layer (M-P) layer. This layer is well-defined, and its central part
deepens into approximately the middle portion of the GIm. The ar-
rangement of the principal cells can be clearly observed by im-
munohistochemical and histochemical labeling (Figs. 4-6). The
number of principal cells is abundant, and they are arranged in
parallel along the anteroposterior axis of the AOB.

These principal cells display either miter or ellipsoid shapes and
have large soma containing large, rounded nuclei and patent nucleoli
(Fig. 3B and F). Between the principal cells, numerous smaller cells
can be observed, containing round nuclei and cytoplasm, featuring
barely noticeable prolongations. These cells presented with differing
neurochemical patterns compared with the principal cells
(Fig. 3H-M). The granular layer (Fig. 2B) was comprised of typical
clusters of small, rounded granule cells, surrounded by larger iso-
lated multipolar neurons (Fig. 3C).

Both Bielschowsky (Fig. 2D and G) and Tolivia (Fig. 2F, H, and I)
stains enabled the identification of both the main cell types and
myelinated nerve fibers contained in the fox AOB. The presence of a
wide tract of myelinated fibers along the anteroposterior axis of the
AOB and delimiting the mitral-plexiform and granular layers is no-
teworthy and represents the contribution of the AOB to the LOT
(Fig. 2D, F, and I). These fibers extend horizontally and perpendicu-
larly toward the granular layer (Fig. 3D and E), with reducing density
toward the mitral cell band (Fig. 3E and F), occupying the spaces left
free by the principal and granular cells of both layers. Additionally,
these stains showed an atypical glomerular formation, consisting of
an isolated glomerulus located in the caudal portion of the AOB,
surrounded by myelinated fibers and differentially stained (Fig. 2G
and H).

Several antibodies against different proteins were used to study
the fox AOB. Anti-Gai2 specifically labels the i2 family of the G-
protein o subunit, which is present in the transduction cascade of
the VIR vomeronasal receptor, revealed positive labeling con-
centrated in the vomeronasal nerve (Vn) and glomerular (Glm)
layers (Fig. 4A). By contrast, the mitral-plexiform layer (M-P) did not
show immunopositive labeling for anti Gai2. Anti-Gao labels a
component found in the transduction cascade of the V2R vomer-
onasal receptor and displayed a complementary pattern, illustrating
how the M-P layer deepens into the Glm layer (Fig. 4B). According to
our observations in an older fox specimen, this pattern could vary, as
shown in Fig. 4D, between older and younger specimens: the ar-
borization pattern observed in the younger specimen was thicker
and broader. We did not identify anti-Gao immunolabeling in the
superficial layers of the AOB; therefore, the typical anteroposterior
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Fig. 1. The brain and main and accessory olfactory bulbs of the fox. A. Rostrodorsal view of the brain. B. Ventral view of the brain, with the main structures of the olfactory
pathway indicated: piriform lobe (Pyr), olfactory tubercle (OT), and lateral olfactory tract (LOT). C. Medial view of the left olfactory bulb, covered by the frontal lobe of the
telencephalon (Fl). D. Medial view of the left olfactory bulb, after the removal of the rostral portion of the telencephalon. Both the caudomedial surface of the main olfactory bulb
(MOB) and the rostral portion of the olfactory peduncle are now visible. The presumptive area of localization for the accessory olfactory bulb is indicated (asterisk). E. Lateral view
of the brain. F. Medial view of the right hemiencephalon. a: anterior, p: posterior. Scale bar: A, B, E, F: 2cm. C, D: 0.5 cm.

zonation found in the species expressing the two families of vo-
meronasal receptors, VIR and V2R, was also not observed.

The anti-MAP2 antibody, which is a consistent marker for the
dendritic branching of mitral cells in all species, shows a similar out-
come as observed using the anti-Gao antibody, with no reactivity in the
vomeronasal nerve (Vn) and glomerular (Glm) layers and strong im-
munopositive labeling in the mitral-plexiform (M-P) and granular
layers (Fig. 4C). Higher magnification images of the anti-MAP2 im-
munostaining (Fig. 3M) confirmed that the labeling was concentrated
in the mitral cell somas and their dendritic projections to the Glm layer.

The use of anti-OMP antibody enables the specific labeling of
OMP protein, which is associated with mature neurons in both the
MOS and VNS. The anti-OMP immunopositive labeling of the fox
AOB showed a similar pattern as was observed using the anti-Gai2
antibody, labeling both the vomeronasal nerve and glomerular
layers. MOB glomeruli are more intensely labeled with anti-OMP
than those of the AOB (Fig. 5A).

The anti-GAP-43 antibody selectively labels the GAP-43 protein,
which is typically found in large quantities in axonal growth cones.
This antibody showed immunopositive labeling in the vomeronasal
nerve, glomerular and granular layers, whereas the mitral-plexiform
layer was immunonegative (Fig. 5B).

The anti-GFAP antibody selectively labels the glial-fibrillar pro-
tein, which is located along the entire thickness of the AOB (Fig. 5C).
The anti-GFAP labeling observed in the superficial layers of the AOB
can be attributed to the profuse arborizations of the ensheathing
cells that enclose the nervous fibers of the vomeronasal nerve layer.
In the deep layers of the AOB, anti-GFAP labeling characterizes
branched astrocytes (Fig. 5F).

Antibodies against cytoplasmic calcium-binding superfamily
proteins, including CB-D28k and CR (Fig. 5D and E, respectively),
showed intense immunopositive labeling, especially the anti-CR
antibody. Anti-CR and anti-CB labeling appeared broadly and

diffusely throughout the vomeronasal nerve and glomerular layers
of the AOB, whereas the labeling was restricted to small sub-
populations of neurons in the mitral-plexiform (M-P) and granular
layers. Hematoxylin counterstaining showed that both markers
stained only a small fraction of both principal and smaller M-P
neurons, staining the soma (Fig. 3H and I for CR; Fig. 3K and L for CB)
and, in the case of CB, fine processes (Fig. 3L). The immunolabeling
pattern we observed using both CB and CR antibodies did not allow
us to discriminate the presence of specific neuronal subpopulations
for these two proteins.

3.2.2. Lectin-histochemical study of the AOB

A study of the AOB was performed using the lectins UEA-I and
LEA. A specific positive labeling pattern was observed using UEA-I, in
which the vomeronasal nerve layer showed weaker labeling than the
glomerular layer. The AOB glomeruli configuration could be ob-
served with great clarity using lectin-histochemical staining com-
pared with the pattern observed using general histological stains
(Fig. 6A). The vomeronasal nerve (NVN) was also easily distinguished
due to positive labeling by UEA-I (Fig. 6A). Both the MOB and the
frontal lobe of the telencephalon were negative for UEA-L

A positive labeling pattern for LEA was observed, concentrating
on the vomeronasal nerve and glomerular (Glm) layers of the AOB.
The mitral-plexiform and granular layers were negative for LEA
(Fig. 6B). In contrast with the pattern observed using UEA-I, LEA
labeling showed a strong positive pattern in the superficial layers of
the MOB (olfactory nerve and Glm layers). Finally, BSI-B,4 staining did
not result in any positive labeling in either the fox AOB or MOB.

3.2.3. Immunohistochemical and lectin-histochemical studies of the
vomeronasal nerve

The NVNs travel along the medial surface of the MOB before
reaching the AOB. To examine these nerves, we examined serial
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Fig. 2. Histological study of the fox AOB. A. General view of the main olfactory bulb (MOB), cut in the sagittal plane, in which the accessory olfactory bulb (AOB) is framed in red,
located in a caudoventral position relative to the MOB. The frontal lobe of the telencephalon (Fl), the MOB, and the lateral ventricle (Lv) can be identified. Nissl and Tolivia stains
are shown. B and C. Horizontal sections of the AOB (B corresponds to the red-framed section in C), in which the different layers are identified: nervous layer (Vn), glomerular layer
(Glm), mitral-plexiform layer (M-P), and granular layer (Gr). Hematoxylin and eosin stain. D. Sagittal section of the AOB. Bielschowsky stain. The dark brown myelin tract fibers
(Tf) are clearly identified. An atypical glomerular formation is framed in blue and shown at higher magnifications in G, surrounded by myelinic fibers. E. Sagittal section of the
AOB. Nissl stain. F. Sagittal section of the AOB stained using the Tolivia method, showing another example of an atypical glomerular formation (framed in yellow and shown at
higher magnification in H). The tract fibers and the granular layer are also framed in yellow and shown at higher magnification in I. The compass indicates the orientation, as
follows: d, dorsal; v, ventral; p, posterior; a, anterior. Scale bars: A: 2 mm. C, D: 250 pum. B, G: 100 pm. E, F: 200 pm. H, I: 50 pm.

decalcified sections of the ethmoidal fossa (Fig. 7A). The olfactory
nerves and the superficial layers of the MOB were immunopositive
for anti-Gao; however, this marker did not allow for the identifica-
tion of the NVN bundle (Fig. 7B). Conversely, anti-Gai2 staining was
only observed in the NVN fascicles in a highly specific manner

(Fig. 7C). LEA stained both the olfactory components of the MOB and
the NVN (Fig. 7D and G). The presence of small arterioles in a plane
deep to the NVN served as a topographic landmark to confirm the
anti-Goo-negative (Fig. 7E) and anti-Gai2-positive (Fig. 7F) character
of the NVN.
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Fig. 3. Histological and immunohistochemical study of the fox AOB cytoarchitecture. A-C. Nissl stains of the accessory olfactory bulb (AOB) layers. A. Glomerular layer (Glm)
showing some instances of the glomeruli (asterisk), whose boundaries are not neatly defined, and an isolated larger neuron in the deeper part (arrowhead). B. The principal cells
of the AOB occupy a broad band that is designated as the mitral-plexiform (M-P) layer. The principal cells (arrowheads) display either miter or ellipsoid shapes and have large
soma featuring large, rounded nuclei with patent nucleoli. Interspersed between the principal cells, numerous smaller cells containing round nuclei can be observed. C. A band of
white matter corresponding to an axonal fiber tract (Tf) contains only large multipolar neurons (black arrowhead). Deeper to the Tf, the granular (Gr) layer is occupied by clusters
of granular cells and isolated large neurons with oval soma (open arrowhead). D. Bielschowsky stain of the deep layers of the AOB showing the development of the Tf and its
projections into the Gr layer, which consists of granule cells and larger, isolated neurons (arrowhead). E and F. Tolivia staining of the AOB, showing the Tf, arranged between the M-
P and Gr layers. Scattered large neurons are interspersed among the myelinated fibers of the Tf (arrowhead) and the Gr layer (E). In the M-P layer, the principal cells (arrowhead)
are intermingled with Tf projections (F). G and ]. Sagittal sections of the AOB immunostained with anti-a-tubulin. An enlarged image of the M-P layer shows the o-tubulin-
immunopositivity of mitral cell somas (arrowheads) and the surrounding neuropil. H and I. Inmunostaining of the M-P layer with anti-calretinin. The left image shows the section
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without counterstaining (H), whereas the right image shows the same section with hematoxylin counterstaining (I). Only a subpopulation of cells (black arrowheads) are
calretinin-positive. K and L. Inmunostaining of the M-P layer with anti-calbindin. The left image shows the section without counterstaining (K), whereas the right image shows
the same section with hematoxylin counterstaining (L). A subpopulation of both large and small neuronal cells (black arrowheads) are calretinin-positive. Many cells remain
unstained (open arrowheads). The immunolabeling pattern does not allow for the discrimination of a complementary neuronal distribution for these two markers, CB and CR. M.
Immunostaining of the AOB with anti-MAP-2 results in the strong immunolabeling of mitral cell somas and their dendritic projections to the glomerular layer (arrowheads). Scale

bars: AH,L,K,L: 100 pm. B,C,J,M: 50 pm. D-F: 25 pm. G: 250 pm.

3.2.4. Comparative histological and immunohistochemical study of the
dog and fox AOB

To illustrate the differences in lamination between the accessory
olfactory bulb of the fox and the dog, we performed a comparative
histological and immunohistochemical study of the dog and fox AOB,
primarily focusing on the organization of the mitral-plexiform (M-P)
layer, where the projection cells of the AOB are located. Tolivia
staining (Fig. 8A) reveals less development of the M-P layer in the
dog compared with the fox (Fig. 8B). The M-P layer in the dog
consists of a thin layer with scattered principal cells, whereas, in the
fox, the M-P layer neuropil projects into the glomerular layer (Glm),
and its principal cells are numerous, with a typical mitral shape.
Tolivia staining also reveals differences in the granular layer (Gr),
which is mainly occupied by the lateral olfactory tract fibers in the
dog, whereas, in the fox, these fibers are less dense, and more cel-
lular elements can be observed. Nissl staining of the dog (Fig. 8C)
and fox (Fig. 8D) AOB reveals differences in the thickness of the M-P
layer and in the density of its principal cells, which are more nu-
merous and have mitral shapes with clearly delineated somas in the
fox AOB. Additionally, the granule cells in the fox AOB are organized
into clusters, whereas, in the dog, they are scattered in a more dif-
fuse pattern. Finally, immunohistochemical staining of the dog
(Fig. 8E) and fox (Fig. 8F) AOB using anti-Gao shows the character-
istic shape and development of the M-P layer in each species.

4. Discussion

In canids, the current understanding of the first integrative
center of the VNS, the AOB, is associated with a number of crucial
and unresolved questions. The few existing studies of the canid AOB,
limited to the dog, have indicated a small size and a lack of the

typical cytoarchitecture observed in other mammalian species
(Meisami and Bhatnagar, 1998). To better understand the relevance,
in the context of the Canidae family, of the results presented here, it
is therefore important to address the study of the AOB of the dog. A
pioneering comparative study among the olfactory bulbs of carni-
vorous species performed by Jawlowski (1956) was the first to de-
scribe the AOB histology in dogs, which was succinctly described as
"very small", and, additionally, remains, to our knowledge, as the
only reference to the existence of an AOB in the fox. Although Jaw-
lowski was unable to discern the presence of glomeruli in this pu-
tative fox AOB, his drawing of the structure at the caudomedial
border of the MOB coincides with our macroscopic and microscopic
observations. Years later, Miodonski (1968), in his description of the
dog's olfactory bulb, characterized the dog AOB as a small-volume
structure and poorly defined structure.

The contributions by Salazar et al. (1992, 1994) demonstrated for
the first time the unequivocal linkage between this presumptive AOB
and the VNOLater, Nakajima et al. (1998) divided the dog AOB into
three layers: vomeronasal (Vn) and glomerular (Glm) layers, which
occupied most of the AOB, and a thin neuronal cell layer containing
several types of neurons. Most of these neurons featured round or
oval soma and appeared to correspond with mitral/tufted cells. They
only found a small number of granule cells, mainly in the inner
portion of the neuronal cell layer, adjoining the olfactory peduncle.

4.1. Histological and immunohistochemical labeling of the fox AOB

Aiming to better comprehend the fox AOB, after the macroscopic
identification of a presumptive AOB in an area similar to that de-
scribed by Jawlowski, we performed a serial histological and im-
munohistochemical study that enabled the characterization of the
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Fig. 4. Immunohistochemical labeling of the fox AOB. A. Immunopositive labeling of the AOB using the anti-Gei2 antibody produced strong immunolabeling in the nervous and
glomerular layers, whereas the immunolabeling in the mitral-plexiform layer was weaker. B and D. Anti-Gxo immunopositive labeling was observed in the same layers of the AOB
in a complementary pattern to that observed for anti-Gai2 labeling, with stronger immunostaining in the mitral-plexiform layer (asterisk) and weaker immunolabeling in both the
vomeronasal nerve and glomerular layers; (B, younger fox; D, older fox). C. Anti-MAP-2 shows a similar pattern to anti-Gao, in which the nervous and glomerular layers are
immunonegative, and both the mitral-plexiform and granular layers are immunopositive (asterisk). The compass indicates the orientation, as follows: d, dorsal; v, ventral; p,
posterior; a, anterior. Scale bars: 250 pm.
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Fig. 5. Immunohistochemical labeling of the fox AOB. A. Immunopositive labeling in the vomeronasal nerve and glomerular layers with anti-olfactory marker protein (OMP). The
main olfactory bulb (MOB) glomeruli are intensely labeled. B. Anti-growth-associated protein 43 (GAP-43) immunopositive labeling in the superficial layers of the accessory
olfactory bulb (AOB). C. Anti-glial fibrillary acidic protein (GFAP) labels the dense arborizations of the ensheathing cells in both the vomeronasal and glomerular layers.
Immunopositive astrocytes are observed in the deep layers (higher magnification of the yellow frame is shown in F, arrowhead). D and E. Similar immunopositive patterns as
observed using anti-Gai2 in the AOB were observed using anti-calbindin (CB) and anti-calreticulin (CR) antibodies (D and E, respectively). a, anterior; d, dorsal, p, posterior; v,

ventral. Scale bars: A-E: 250 pm. F: 50 pm.

morphofunctional nature of the AOB. The main comparative struc-
tural findings are summarized in Fig. 9. Our observations of the
microscopic texture of the fox AOB contrast with the available mi-
croscopic descriptions of the dog AOB. The most striking feature of
the fox AOB is its clear lamination, with neatly differentiated layers,
including a highly developed Glm layer, rich in periglomerular cells,
and a large inner cell layer, equivalent to both the inner cell layer
described by Salazar et al. (1992, 1994) and the neuronal cell layer
described by Nakajima et al. (1998) but more easily discernible.
Unlike in the dog AOB, this layer is not a thin sheet in the fox but
instead appears as a large area projecting inward onto the superficial
layers of the AOB. This observation was especially apparent fol-
lowing the immunohistochemical staining, which was able to clearly
differentiate the two outer layers, the Vn and Glm layers, from the
inner cellular zone. The inner layer was immunonegative when
using antibodies against Gai2, OMP, and GAP-43, whereas the two
outer layers were immunopositive. By contrast, immunopositive
labeling was observed using the anti-Gao and anti-MAP-2 antibodies
in the inner layers, but the outer layers were immunonegative. The
strong labeling obtained in the two superficial layers against OMP,
which is a marker for mature vomeronasal cells (Bock et al., 2009),
and against GAP-43, one of the best-characterized markers for
growing and regenerating neuronal processes (Ramakers et al.,
1992), indicates important activity in the fox VNS among both ma-
ture and regenerating vomeronasal neurons. Anti-CB and anti-CR
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staining also produced intense labeling in the Vn and Glm layers,
which is consistent with the expression found in the fox VNO, both
in the neuroepithelium and in the NVN of the lamina propria. Al-
though the expression of these markers has been observed in sub-
populations of neuroreceptor cells (Ortiz-Leal et al., 2020), at the
level of the AOB, these neurons do not show topographic segrega-
tion, integrating their axons throughout the anteroposterior axis of
the AOB. The high density of cell bodies and fibers stained with anti-
GFAP in the Vn layer, encompassing glomeruli, and in the M-P layer
of the fox AOB contrasts with the scarce number of astrocytes found
in the dog AOB (Fig. 8 in Salazar et al., 1994), and is reminiscent of
the profuse labeling observed in the rat olfactory bulb (Bailey and
Shipley, 1993). This high level of GFAP expression in the fox AOB
suggests a very active neuron-glial interaction, which is known to be
involved in various processes in adults, such as synaptic commu-
nication, plasticity, homeostasis, and dynamic monitoring and al-
teration of the central nervous system structure and function (Allen
and Lyons, 2018).

MAP-2 expression is particularly relevant because it can be used
to identify AOB principal cell somas and dendritic trees (Dehmelt
and Halpain, 2005; Villamayor et al., 2020). In contrast to the scarce
number of mitral cells described in previous studies of the dog AOB,
numerous mitral cells were observed in the fox AOB, distributed in
parallel along a broad band and displaying either miter or ellipsoid
shapes. We designated this layer as the M-P layer, and antibodies
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Fig. 6. Lectin-histochemical study of the fox AOB and MOB. A. Ulex europeus agglu-
tinin I (UEA-I) labels the superficial layers of the accessory olfactory bulb (AOB;
nervous and glomerular layers) and the branches of the vomeronasal nerves (NVN).
However, the olfactory nerve layer and the glomeruli of the main olfactory bulb
(MOB) are not labeled with UEA. B. Lycopersicon esculentum agglutinin (LEA) stains
the superficial layers in both the AOB and the MOB. Fl, frontal lobe of the tele-
ncephalon. The compass indicates the orientation, as follows: d, dorsal; v, ventral; p,
posterior; a, anterior. Scale bars: 250 pm.

against both MAP-2 and o-tubulin allowed for the discrimination of
these cells and their dendrites. Mitral cells serve as the main pro-
jection neurons of the AOB, and their high density is also reflected by
the development of the Tf that they form and that could be observed
using Tolivia and Bielschowsky staining. These fibers represent the
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contribution of the AOB to the dorsal portion of the LOT, which runs
below the inner granular cells in the fox, coinciding with the ob-
servation reported by Switzer et al. (1980) in their extensive com-
parative study of the mammalian LOT.

Overall, a high degree of development was observed for the
mitral cells in the fox AOB, which were very abundant and presented
with varied morphologies, and for the plexiform layer, in which the
dendritic trees of the mitral cells are distributed, which was parti-
cularly striking compared with the low numbers of mitral cells and
the scarce plexiform layer development described in the dog AOB by
Salazar et al. (1994) and Nakajima et al. (1998). For example, Fig. 3B
in the results section shows the cellular organization of the mitral-
plexiform layer of the fox AOB, which is similar to the M-P layer
observed in the AOB of species with maximal VNS development,
such as the rat (Larriva-Sahd, 2008) or the rabbit (Villamayor et al.,
2020). In the granular zone, both Tolivia and Bielschowsky stainings
allowed for the discrimination of an extensive granular cell presence,
which formed clusters between the Tf and the LOT. In both the
granular and the M-P layer, anti-CB and anti-CR staining allowed for
the discrimination of neuronal subpopulations. However, we cannot
compare the fox with the dog because anti-CR and anti-CB anti-
bodies have not been used in dogs, although the pattern observed in
the fox is comparable to that observed in the mouse and the rabbit
(Jia and Halpern, 2004; Villamayor et al., 2020).

4.2. Lectin-histochemical labeling of the fox AOB

Our recent study of the fox VNO allowed us to determine the
validity of using the lectins UEA-I and LEA as VNO receptor markers
in the neuroepithelium (Ortiz-Leal et al., 2020). By extending this
study of the fox VNS to the NVN and the AOB, we have determined
that LEA stains the NVN and the superficial nervous and glomerular
elements of both the AOB and MOB, whereas UEA-I specifically
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Fig. 7. Immunohistochemical and lectin-histochemical study of the vomeronasal nerve (NVN) in the ethmoidal fossa (Eth). Serial sections of the main olfactory bulb (MOB) in the
ethmoidal fossa were stained with anti-G o (A, B, and E), anti-Gei2 (C and F), and the lectin LEA (D and G). A. Anti-Goo stained the olfactory nerves in the ethmoidal concha
(arrows) and the superficial layers, both nervous and glomerular, of the MOB. B. The trajectory of the NVN along the ventromedial surface of the MOB is not labeled with this
marker. C. Anti-Gai2 only stains the NVN. D. The lectin LEA labels both the olfactory nerve layer of the MOB and the NVN. E-G. A higher magnification image of the NVN using the
same markers confirmed that the NVN is Gao-immunonegative and Gai2-immunopositive. The presence of small arterioles (asterisk) in a plane deep to the NVN serves as a useful
landmark for locating the unstained nerve in E. d, dorsal; |, lateral; m, medial; v, ventral. Scale bars: A: 1 mm. B-D: 100 um. E-G: 50 pm.
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Fig. 8. Comparative histological and immunohistochemical study of the dog and fox AOB. A and B. Tolivia staining of the dog (A) and fox (B) AOB showing the reduced
development of the mitral-plexiform layer (M-P) in dogs. The M-P layer in the dog consists of a thin layer with scattered principal cells, whereas, in the fox, the M-P layer neuropil
projects into the glomerular layer (Glm), and the principal cells are more numerous and have a typical mitral shape. The granular layer (Gr) is primarily occupied by lateral
olfactory tract fibers in dogs. These fibers are less dense in the fox AOB. C and D. Nissl staining of the dog (C) and fox (D) AOB. Both images are at the same magnification. The
differences in the thickness of the M-P layer and in the principal cell density (arrowheads) are appreciable. The principal cells of the fox AOB are more numerous and have mitral
shapes with clearly delineated somas. The granule cells in the fox AOB are organized into clusters (arrows), whereas, in the dog, they are scattered. E and F. Inmunohistochemical
staining of the dog (E) and fox (F) AOB with anti-Gao, which shows the characteristic shape and development of the M-P layer in each species. Scale bars: 100 pm.

stains only the NVN and the AOB. This finding demonstrates the
usefulness of UEA-I as a specific marker of the fox vomeronasal
pathway and is identical to the finding obtained in the dog, in which
a similar VNS-specific pattern was obtained using UEA-I staining
(Salazar et al., 1994).

This result is even more significant if we consider that the UEA-I
labeling pattern in the VNS varies greatly across different types of
mammals. UEA-I has also been demonstrated to serve as a specific
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marker of the vomeronasal pathway (VNO, NVN, and AOB) in adult
mice (Kondoh et al., 2017; Salazar et al., 2001) but does not label the
AOB in the rabbit (Villamayor et al., 2020), sheep (Salazar et al., 2000)
and roe deer (Park et al., 2014). In other species, including rats (Salazar
and Sanchez Quinteiro, 1998), capybaras (Torres et al., 2020), and pigs
(Salazar et al., 2000), UEA-I labels both the MOS and the VNS.

The labeling pattern observed for LEA in the fox coincides with
that described for the dog (Salazar et al., 2013), serving as a general
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Fig. 9. Drawings of the dog (A) and fox (B) olfactory bulbs, showing the typical lamination of the accessory olfactory bulb in each species. AOB, accessory olfactory bulb; MOB,
main olfactory bulb; LOT, lateral olfactory tract; 1, Vomeronasal nerve layer; 2, Glomerular layer; 3, Mitral-plexiform layer; 4, Granular layer. Compass points indicate the

orientation: d, dorsal; p, posterior; v, ventral; a, anterior.

marker for both the MOB and AOB. This LEA labeling pattern is
common across a wide range of studied species, as diverse as mice,
sheep, pigs, deer, rabbits, and capybaras (Salazar et al., 2000 and
2001; Park et al., 2014; Villamayor et al., 2020, Torres et al., 2020).
Overall, these findings demonstrate that the pattern of glycoconju-
gate expression detected by both lectins (L-fucose for UEA-I and N-
acetyl-p-p-glucosamine for LEA) is highly conserved in the
canid VNS.

4.3. G-protein immunohistochemistry in the fox AOB

Recent findings have demonstrated immunopositivity against the
G-protein subunits Gai2 and Gao in both the neuroreceptor epithe-
lium and the vomeronasal axons of the parenchyma in the fox VNO
(Ortiz-Leal et al., 2020), which represents an important difference
from the observations in the dog VNO. In dogs, Gao protein ex-
pression has not been detected (Salazar et al.,, 2013), except for the
study reported by Dennis et al. (2003), in which the authors ex-
pressed doubts regarding the labeling validity due to the use of
antigenic retrieval. Gao positivity would imply the effective ex-
pression of V2R receptors in the dog VNO, contradicting the inability
to identify functional V2R family genes in either the dog (Young and
Trask, 2007) or fox genome (Kukekova et al., 2018).

To explore the role played by Gao neuroreceptor cells in the fox
VNS, we first investigated Gao expression in the fox AOB. Anti-Goo
immunolabeling was negative in the superficial layers of the AOB,
suggesting that the vomeronasal axons that project to the AOB are Goo-
negative. Although the internal layers of the AOB are Gao-positive, this
finding is common to all mammalian species, as the entire olfactory
bulb, including both the AOB and MOB, is Gao-immunopositive, except
for the Vn and Glm layers of the AOB which correspond to the pro-
jections of VIR neuroreceptor cells, which are Gai2-positive. These
findings suggest that the Goo axons that arise from the VNO do not
project to the AOB. Regrettably, once these axons leave the VNO and
integrate into the nasal submucosa, they become impossible to differ-
entiate from olfactory nerves because Goo is ubiquitously expressed on
both olfactory and vomeronasal axons throughout the nasal mucosa
lamina propria (Wekesa and Anholt, 1999).

To better understand the fates of these axons, we performed an
immunohistochemical and lectin study in decalcified transverse
sections of the ethmoidal fossa at a level rostral to the AOB, which
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included both the olfactory and vomeronasal axons on the surface of
the MOB and in the ethmoidal turbinates. At this level, the vomer-
onasal axons have already coalesced into an NVN trunk that can be
visualized using lectin and G-protein immunolabeling. Given the
specific vomeronasal character of Gai2 labeling, Gai2 could be used
to clearly differentiate the trajectories of NVNs. Serial consecutive
sections demonstrated that these axons were Gao-immunonegative
and LEA-positive, with LEA serving as a universal marker of both
olfactory systems. These results, therefore, indicate that the fox Gao
vomeronasal axons follow a fate leading to the olfactory bulb that
occurs independently from NVNs, possibly converging with the
axons of olfactory nerves to project to MOB glomeruli.

Until the identity of the receptors associated with the fox VNO Gao-
immunopositive neurons is established, the true character of these
receptors, either vomeronasal or olfactory, cannot be determined.
However, electrophysiological studies in mice have shown that a sub-
population of vomeronasal neurons has the ability to perceive odorants
(Sam et al, 2001; Trinh and Storm, 2003), and more recent tran-
scriptomic studies, such as that by Ibarra-Soria et al. (2014) in mice,
have demonstrated the expression of ORs in the VNO. A total of 17 OR
genes were expressed in the VNO at levels greater than the median
expression level of vomeronasal receptor genes. Therefore, our finding
that the fox VNO Gao-positive neuroreceptor cells do not project to the
AOB could support the presence of a direct pathway from the VNO to
the MOB, suggesting the involvement of higher cortical areas in VNO-
mediated odor perception and discrimination.

The possibility that specific information processing arising from
Goo neurons of the VNO could occur at the level of specific olfactory
bulb structures should not be discounted, comparable to previously
identified atypical glomeruli in rodents (Zimmerman and Munger,
2021) or the sub-bulbar accessory nuclei of the rabbit (Villamayor
et al.,, 2020). Although no structures of this nature have yet been
identified in any canid olfactory bulb, our own observations in the
fox olfactory bulb indicate the potential presence of these atypical
structures, where information from the VNO may be processed.

4.4. Can domestication shape Canidae accessory olfactory bulb
morphology?

A long-term experiment designed to reproduce early mammalian
domestication in the silver fox makes this species a particularly
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useful model for studying the effects of domestication in Canidae
(Belyaev et al., 1985; Wang et al., 2018). The selection of fox for ta-
meability or amenability to domestication led to changes in beha-
vior, physiology, and genetic diversity, similar to those observed in
domestic dogs (Trut el al, 2009, Kukekova et al., 2018). Domestica-
tion has also led to striking anatomical changes, whose nature and
sources of variation are intriguing. In the nervous system, domes-
tication is known to affect developmental neurotransmitter systems
(Popova, 2006); however, the neuromorphological changes that
occur following the selection for tameness in the Russian fox-farm
experiment have only recently been explored in a comprehensive
manner. As a result, a change in gray matter volume was observed in
tame strains relative to conventional farm foxes, which suggested
that selection for behavior can influence brain morphology (Hecht
et al.,, 2021).

These findings present the possibility that the striking structural
differences observed between the dog and the fox AOB may partially
be the result of the domestication process. To our knowledge, this
would represent the first evidence that domestication and concerted
artificial selection act to shape the neuroanatomical basis of the ac-
cessory olfactory system. The observed variations are unlikely to be
attributable to interspecies differences, as no examples exist among
mammals belonging to the same family that display such remarkable
divergences in the configurations of the VNO and AOB. Even among
bats, which have been characterized as having great morphological
diversity in the VNS among different families, the pattern observed
within each family is highly conserved (Baron et al., 1996). However,
we cannot exclude the possibility that other causes may underlie the
observed anatomical differences between the AOBs of the fox and the
dog. One possibility is the differential evolution of the vomeronasal
system between these two species due to adaptations to the different
lifestyles typical of the wild fox and the dog. The size of the vomer-
onasal type 1 receptor (V1R) gene repertoire is known to be a good
indicator of the relationship between animal genomes and their en-
vironmental niche specializations, especially the relationship between
ecological factors and the molecular evolutionary history of the sen-
sory system (Wang et al., 2010). Domestication is also known to affect
variations in gene expression patterns throughout the genome, with
domesticated species generally exhibiting lower gene expression di-
versity than wild species (Liu et al., 2019). Therefore, one potential
avenue for the further investigation of morphofunctional differences
between the AOBs of the fox and the dog would be a comparative
transcriptomic analysis using RNA-seq on AOB samples from both
species. Epigenetic studies of AOB samples would also be informative,
as methylation profiles have indicated that epigenetic factors were
involved in the speciation process from wild canids to the domestic
dog (Sundman et al,, 2020).

Given that the dog was originally domesticated from the wolf, a
future step of our study will include the performance of morpho-
functional studies on the accessory olfactory system of the wolf, for
which no references are currently available. The divergence of the
dog from the wolf is thought to have occurred approximately
12,000-15,000 years ago (Graphodatsky et al., 2008), which is a
relatively short time span on the evolutionary scale. Therefore, fur-
ther structural and genomic studies of the wolf AOB could contribute
to a better understanding of the nature and sources of variation that
occur under domestication pressure.

The anatomical differences encountered support the current
hypothesis that the domestication of the dog has resulted in an in-
volution of olfactory development associated with the detection of
pheromones and other semiochemicals by the accessory olfactory
system (Jezierski et al., 2016). Recent evidence suggests that the loss
of olfactory capacity in dogs is a result of domestication-related
changes in the MOS, which serves as a morphological comparison.
Specifically, Deborah Bird and Blaire Van Valkenburg examined cri-
briform plate (CP) morphology in 46 dog breeds and 2 wild canids,
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the coyote and gray wolf, using high-resolution computed tomo-
graphy scans and digital quantification, which revealed that dogs,
even among those breeds with well-recognized olfactory cap-
abilities, have reduced CP surface areas relative to body size com-
pared with both the wolf and coyote (Bird et al., 2021). Previously,
these authors studied all mammalian superorders and demonstrated
that relative CP size is closely correlated with the number of OR
genes in a species' genome, establishing CP size as a metric for
evolutionary expansions or losses in the mammalian olfactory sys-
tems (Bird et al., 2018). These differences could further be examined
to determine the comparative morphological changes in the MOB of
wild and domestic canids.

Finally, whether similar changes as those found in the dog can be
observed in other domesticated mammals, such as the cat, remains
to be determined. However, cats have a shorter domestication period
than dogs; dogs are estimated to have been domesticated approxi-
mately 33,500 years ago (Perri, 2016), whereas the earliest evidence
of domestic cats dates to approximately 9500 years ago in Cyprus
and approximately 5000 years ago in central China (Vigne et al,,
2004; Hu et al.,, 2014). Cats and humans were thought to interact
throughout this period in a commensal manner, in which tamed and
domestic cats intermixed with wild subspecies, which could account
for the reduced differentiation observed between wild and domestic
cat genomes (Montague et al., 2014). Furthermore, the morpholo-
gical, physiological, behavioral, and ecological traits of cats do not
appear to have been greatly affected by the domestication process
(Zeder, 2012), in contrast with observations made for the dog
(Axelsson et al., 2013). Currently, no studies are available examining
the AOB of wild cats, making it impossible to assess whether mor-
phofunctional changes can be observed between the AOBs of wild
and domestic cats.

In summary, in this study, we morphofunctionally characterized
the fox AOB, providing useful information toward understanding the
VNS of wild canids. This in-depth, histological, im-
munohistochemical, and lectin-histochemical study demonstrated
that the fox AOB presents unique characteristics and a higher degree
of morphological development compared with the dog AOB. These
morphofunctional findings suggest that a decrease in the anatomical
complexity of the accessory olfactory system occurred at some point
during the evolutionary history of dogs and opens a new research
avenue for studying the effects of domestication on brain structures.
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